It has been reported before that frequency and angular information from ultrasonic scattering can be used to characterize smooth artificial defects in metals. In this study ultrasonic measurements from fractured and smooth penny-shaped cracks of the same size were carried out. Experimental procedures included the use of broad band and narrow band ultrasonic signals. From angular and frequency dependence of ultrasonic scattering measurements the size, shape, orientation and rms roughness of the fractured surface have been estimated. Ultrasonic measurements of these parameters have been compared to the actual parameters of the defect. ABSTRACT It has been reported before that frequency and angular information from ultrasonic scattering can be used to characterize smooth artificial defects in metals. In this study ultrasonic measurements from fractured and smooth penny-shaped cracks of the same size were carried out. Experimental procedures included the use of broad band and narrow band ultrasonic signals. From angular and frequency dependence of ultrasonic scattering measurements the size, shape, orientation and rms roughness of the fractured surface have been estimated. Ultrasonic measurements of these parameters have been compared to the actual parameters of the defect.
INTRODUCTION
It has been generally accepted that scattering of ultrasonic waves from defects in solids provides a method of quantitative nondestructive evaluation of structural materials. For failure prediction modeling of a structural component, fracture mechanical calculations require such characteristics of an unknown flaw as size, shape, orientation, surface conditions, etc. Recent developments in theoretical and experimental work on ultrasonic scattering from flaws made it possible to calculate and measure the ultrasonic field scattered from cavities when their characteristics were known. The understanding of this so-called direct scattering problem is a necessary preliminary to the inversion problem which is to characterize an unknown flaw from angular and frequency dependence of the scattered field's amplitude and phase. Scattering of ultrasonic waves from crack-like defects with smooth surfaces of circular and ellietical shapes was studied by Adler and Lewis [lJ using ultrasonic spectroscopy systems in their experiment and analyzing their results using various modifications [2] of Keller's [3] geometrical theory of diffraction. Achenbach and Gautesen [4] extended geometrical theory of diffraction to three-dimensional diffraction by cracks in solids. Subsequently, Achenbach, Adler, Lewis, and McMaken [5] showed that the measured scattering field from circular defects can be predicted theoretically and suggested an inversion procedure to obtain the size and orientation of circular cracks from features of the amplitude spectra of the scattered ultrasonic wave. The problem was generalized for elliptical cracks by Adler and Achenbach [6] . In the above-mentioned works the artificial cracks had smooth polished surfaces which is not the case for naturally occurring flaws. Now we are addressing the problem of ultrasonic scattering from cracks with random rough surfaces such as the surface of a fractured fatigue sample. For these types of cracks--in addition to geometrical characteristics 320 such as size, shape, orientations--the evaluation of the surface characteristics, cf. rms roughness, correlation length, distribution of roughness, etc., is essential. Methods to study randomly rough large surfaces using ultrasonic scattering have been de vel oped by de Billy, Cohen-Tenoudji, Jungman, and Quentin [7] and will be used here.
THEORY
Geometrical Diffraction Theory. Diffraction of electromagnetic waves using the ~eometrical theoryof optics was introduced by Keller L3] who used the concepts of diffracted rays produced at diffracting edges. These diffracted rays are proportional to the incident ray with a proportionality constant called diffraction coefficients, which are calculated by Keller [3] using a canonical solution which are asymptotic results for diffraction of a plane wave by an edge of a semi-infinite plane for the region ka ~ 1 where k = 2~/A, A is the wavelength, and a is a dimension of the crack. The basic concept of elastodynamic ray theory was presented by Karal and Keller [8] by introducing longitudinal and transverse rays. Adler et al used Maue's [9] solution as the canonical problem for the elastic wave diffraction from a semi-infinite crack to obtain expressions forthe diffracted field from a penny-shaped crack. The three-dimensional ray theory for diffraction by cracks has been discussed in detail by Achenbach et al. [5] . They obtain an expression for a normally incident longitudinal wave diffracted from a penny-shaped crack in solid as UL = exp(iwS/CL)(wS/CL)-l/ 2 (1 + S/C)-l/ 2 D~(e) iL U 0 ( 1 ) where S is the distance along the diffracted ray from the diffracting edge to the point of observation. CL is the longitudinal velocity; e is the angle of diffraction; U 0 is the amplitude of the incident wave and C is the distance to the caustic, c = -a/cos e (2) where a is the radius of the penny-shaped c[ack; i~ defines the direction of displacement; D is the d1ffraction coefficient given in terms of l~ngitu dinal transverse and Rayleigh velocities and the diffraction angle (exact expression is given in Ref. 5 ).
It has been pointed out by Adler and Whaley [10] that the first arriving signal once gated out produces a frequency spectrum which is the result of the interference of the two diffracted rays from the two crack tips. Using this concept Achenbach et al [5] derive an expression by adding the two primary diffracted longitudinal fields from points 02 and 01 of the crack edges ( Fig. 1 (5) This result implies that the amplitude of the primary diffracted field is modulated with respect to w/CL with period P = n/alcos e -sin e 0 1. scattering from cracks with rough surface has no solution at the present time. The scattering of EM waves from infinitely large random rough surfaces has been treated in detail however by Beckmann and Spizzichino [11] , for example. The acoustic wave scattering from large random rough surfaces has also been studied extensively, for example [12] . Consider an incident ultrasonic wave scattered from a random rough surface (Fig. 2 ).
---.,=~~~""""~="ii'!ff(I-"'--"~--~='Lllf--+RoughSurlace
Receiver
Transmitter Fig. 2 Geometry of scattering from random rough surfaces. It is customary to write the total scattered intensity average in two terms: the coherent and the incoherent terms:
(I>= < 1 >coh +<I>incoh (7) (I) coh = e-g Io (8) g = k 2 h 2 (cos ei + cos erl 2 is the so-called Rayleigh parameter and I 0 is the intensity scattered by a perfectly plane surface.
The incoherent part of the scattered intensity is given as (I)incoh = nAbn / r J2 IR(ei,er)F(ei,er)l2 e-g oo 1 oJ
m=l m. where mxf3 the insonified area A = 4 3(log 10 I) roo is the distance between the source and the or1gin of _the coordinate system, r 10 is the distance between the receiver and the origin of the coordinate system, R(ei,er) is the reflection coefficient. (8) and (9) are valid under the followingapproximations:
1. Only single scattering is considered. 2. Fraunhofer approximation is used. The expression is valid in the far field only. 3. Probability distribution function describing surface roughness is Gaussian in the form:
The important parameters describing surface roughness are: the rms roughness h, the correlation length L, and the distribution function W. If the distribution function is a Gaussian, the low frequency approximation of the scattered field will give h while the high frequency approximation can be used to evaluate L.
Ultrasonic Scattering from a Crack with Rough Surface. For a finite rough surface such as a penny-shaped crack in titanium there is no theory available at present and we have used the following approach to evaluate the parameters describing surface conditions.
Calculation of the rms roughness h. By using low frequency approximation at backscattering it can be shown that the dominating term in Eq. (9) is the first term, i.e., all scattering in this case from the surface is coherent [11] . In this case:
since (cos 8i + cos 8r) 2 = 4 for backscattering, at normal incidence where I 0 is the intensity scattered from a smooth surfaced crack of the same size as the surface with rms roughness h. If h is much smaller than the radius of the crack, it may be assumed that the diffraction effect from the crack edge for both rough and smooth surfaced crack of the same size is the same. The low frequency approximation is valid for 4 k 2 h 2 < 1 .
(11)
If h ~ 10~, this condition implies frequencies below 5 MHz.
Calculation of the correlation length L. The correlation length L can be obtained from the total ultrasonic scattered field in the high frequency regime.
The first term in Eq. (7) goes to zero and the total scattered field is due to incoherent scattering only. For normal incidence we obtain:
l611r 00 r 10 h (for backscattering pulse-echo roo= rlO) using:
and since the insonified area is the surface of the crack 11a~, we obtain for the correlation length:
Determination of the probability density function W. The average ultrasonic amplitude scattered from a rough surface is given as <P~ = Po<e-2ikt;> 
For any arbitrary probability distribution the characteristic function may be expanded assuming low frequencies to give:
/,e· -2i k 
and the probability density function may be given as
where f(t) is the inverse Fourier transform of F(w), i.e., the probability density function of the surface roughness is proportional to the inverse . Fourier transform of the deconvolved (by the equlvalent smooth surface) spectrum. In addition to W(t;) the following parameters can be calculated also from the time domain deconvolution <s) = I:: sW(s)ds = mean higher order moments may also be calculated in the same fashion.
EXPERIMENT ~· Penny-shaped crack with smooth surface and ~ 1.5 mm has been machined into a Ti-6Al-4V disk of 1.25 em height and 10.2 em diameter. The penny-shaped crack with a random rough surface of radius 1.5 mm was formed from a fracture specimen.
The specimen has been fatigue tested in room temperature dry air at 20 Hz with a load ratio R of .5. The other half of the fracture specimen is shown on Fig. 3 . From the fracture specimen a fig. 3 Photograph of the penny-shaped crack with random rough surface.
cylindrical plug was machined. The end of the plug forms the penny-shape crack with the rough surface. The p 1 ug was then driven through the center of 1.25 em thick and 10.2 em diameter Ti-6Al-4V disk. The two disks were then diffusion bonded together. On Fig. 4 the two disks are shown before the diffusion process and Fig. 5 shows a photograph of the fracture surface used and Fig. 6 the diffusion bonded sample. A schematic of the defect (one side is smooth and the other side is rough) is shown on Fig. 7 .
Experimental ,Systems for Ultrasonic Scattering. Two basic techniques were used to investigate experimentally the scattering from rough cracks. In both cases the sample is immersed in water and there is a 15 em water column between the transducers and samp~e. Fig. 4 Schematics of the titanium samples with smooth and rough "cracks" before diffusion bonding. Fig. 5 Photograph of the other half of the fractured specimen which was used for the rough crack. --'t_ ~AMP~E Fig. 7 Schematic of the defect inside the titanium disk.
Ultrasonic spectrosco~y. The first experimental setup is a digitize spectrum analysis system described in detail in Ref. 5 . It uses a broad band transducer as a source and sites the same or a second identical transducer as a receiver. From the received signal the digitized amplitude and phase spectrum may be obtained. The frequency range of the input signal is from 1 to 16 MHz. This spectrum analysis system is used to determine both geometrical and surface characteristics of the crack.
Narrow band system. The second experimental setup uses a conventional single frequency pulse echo system. The ultrasonic pulse is generated by an Arenberg pulser. The pulses of ultrasound have a 1.5 ~sec duration with center frequency ranging from 3 to 18 MHz. The transducers used were commercial narrow band ceramic transducers. The system can be used fully automated (see Ref. 7 ) with a programmable attenuator and for variable backscattered angles. In this experiment only the normal incidence pulse echo mode was used. From this experiment characteristics of the surface of the crack are obtained.
Direct Measurements of Surface Properties. The parameters describing the surface roughness of the fractured surface (see Fig. 5 ) were evaluated from the direct measurement of the complementary surface by the use of a conventional profilometer.
Procedure to Determine Size, Shape, and Orientation of Smooth and Rough Cracks. The transmitter launches a longitudinal wave in water for nonnormal incidence to the liquid solid surface. Both L and T (longitudinal transverse) waves are produced but only the L wave is used to insonify the crack. At the crack the L wave again produces both L and T waves but these waves are separated due to their separation in time. The receiver is placed in positions to obtain the scattered waves at various polar and azimuthal angles. A specially designed goniometer is used to mount the transmitter and receiver (Fig. 8) . The special feature of the goniometer is its flexibility of keeping the polar angle fixed and varying the azimuthal angle. The procedure to obtain amplitude spectra from both smooth and rough cracks were the same. For normal and various angles of incidence both pulse-echo and pitch-catch methods were applied.
RESULTS
Geometrical Parameters. A 45° pulse-echo spectrum of scattered L wave from the smooth crack is shown on Fig. 9 indicating the amplitude modulation predicted by Eq. (6). The modulation frequency remains constant by varying the azimuthal angle for a constant polar angle. This observation indicates the circular symmetry of the crack. Equation (6) is used to obtain for the radius 1.55 mm. The actual radius of the crack is 1.5 mm. The orientation of the crack is also obtained to be e 0 = 0, i.e., the surface of the crack is parallel with the surface of the sample. The spectrum from the rough crack (the crack from the fracture surface) .is shown on Fig. 10 . Here the 55° (pulse-echo) scattered L wave spectra is shown (Fig. 10 ). It appears that at least two sets of periodicity of modulation can be identified. From ~f1 the radius of the rough crack calculated is l.~J mm using Eq. (6) (actual value is 1.5 mm). The second periodicity ~f2 may be the result of the nonflat surface.
Identification of the Rough Surface. As was mentioned before, the titanium sample (labelled 98) contains essentially two defects of the same size, shape, and orientation but different surface conditions, one having a mirror-like smooth surface the other one a random rough surface. From ultrasonic scattering data the two surfaces were identified by two independent means.
1. Backscattered pulse-echo spectra are shown on Fig. 11 which were taken at normal incidence from both sides of the defect. As expected, the smooth surface defect would reflect more energy for all frequencies than the rough one. The spectrum with the solid line on Fig. 10 corresponds to the reflected signal from the smooth surface crack. Fig. 11 . Backscattered normal incidence spectrum from the smooth and rough crack.
2. The angular dependence of the scattered energy from rough and smooth surface cracks should behave differently. On Fi~. 12 the integrated power (for all frequencies) scattered from rough and smooth surfaced defects is compared from 25° to 60°. The variation of the scattered power with angle is much more drastic for the smooth surface (~20 dB) than for the rough surface (~10 dB).
It may be mentioned that the sample on Fig. 6 was mislabeled. The side of rough surface defect was marked as smooth. The ultrasonic experiment results such as Figs. 10 and 11 led us to discover this mistake. Upon re-examination of the sample the surfaces were etched and the error of mislabeling was confirmed. Hence 98A is the rough surface crack and 98B is the smooth surface crack.
Determination of Surface Parameters: rms, Roughness, Correlation Length, Distribution Function.
Direct measurement. A conventional manual profilometer was used to sample the fracture surface of the fatigued specimen (Fig. 5) . In the region within the two marked lines (corresponding to the defect's surface) 312 data points were taken at every 20 ~m in two perpendicular directions starting in the middle. Result: On Fig. 13 , the histogram of the surface is plotted from -230 ~m to +230 ~m (taking the measurements perpendicular to the surface). N corresponds to the number of points corresponding to the height at (x,y). The solid line is a Gaussian distribution having the same variance as the histogram.
' ' '" The rms roughness h is calculated from
where z;i is the height at point x,y, and we obtain from Eq. (29) for h = 101 ~m. The spatial autocorrelation function is plotted on Fig. 14 Ultrasonic scattering result. The rms roughness h and the autocorrelation length L are calculated from the narrow band experimental result. The probability density function w(~). the skewness and kurtosis are obtained from spectroscopy measurements.
1.
Result of narrow band measurements. At normal incidence (to the defect surface) the backscattered amplitude differences were measured in dB with a calibrated attenuator. The ratio of the backscattered amplitudes from rough to smooth surface is designated by or s and plotted for various frequencies from 3.5 MHz'to 18 MHz on Fig. 15 . The Fig. 15 The variation of the backscattered ultrasonic power (in dB normalized for the equivalent smooth surface) from the rough crack :as a function of frequency.
experimental points are connected together with the dashed line. The solid line is a theoretical curve calculated using low frequency approximation (Eq. 10). The theoretical curve fits very well up to 5 MHz (corresponds to kh = .5). The values for h are 117 ~m and 121 ~m calculated at 3.5 MHz and 5 MHz, respectively. The autocorrelation length L is calculated from the curve at a frequency where the curve levels off to a straight line using Eq. 15 at 12 MHz the correlation length is 650 ~m which agrees very well with the value calculated from the autocorrelation function from Fig. 14. 2. Results from ultrasonic spectroscopy. Using a broadband backscattered signal at normal incidence, the RF waveforms and their correspondent spectra are shown on Fig. 16 . 98B designates the defect with smooth surface, and 98A designates the defect with rough surface, both time and frequency domain signals are significantly different for 98A and 98B. In the time domain the signal from the rough surface has much lower maximum amplitude than the signal from the smooth surface. In addition there are some details in the front and trail of the signal which is different from the two surfaces. The frequency domain deconvolution is shown in Fig. 17 . The normalized intensity spectrum and phase spectrum are shown which were obtained by deconvolving the rough surface data with the smooth surface data. After transforming Fig. 17 to the time domain, the probability density function is obtained versus both time and distance on Fig. 18 . The distribution is not quite Gaussian. The deviation from Gaussian is expressed in terms of the higher order movements. From Using the values of the moments and the low frequency expansion for the characteristic function, the complex amplitude spectrum can be calculated. The result is shown on Fig. 19 . The solid line is the experimental amplitude spectrum calculated using moments up to 7th. The dashed line indicates what the spectrum should be if the probability density function of the defect surfaces were a Gaussian. The phase spectra of the experimental results using the low frequency expansion is given on Fig. 20 . 
SUMMARY
The problem of characterizing naturally occurring flaws such as a flaw with random rough surface has been considered. The flaw is a pennyshaped crack in diffusion bonded titanium; one side of the crack is polished, the other side is made from a fractured surface. The dimension of the crack is larger than the wave length of the propagating ultrasonic waves, i.e., the region of ka > 1 is considered. The rms surface roughness h is smaller than a but k may be smaller or larger than h. In the theoretical analysis an elastodynamic diffraction theory, valid only for smooth surfaces, ispresented to relate the angular and frequency dependence of the scattered amplitude to the size, shape, and orientation of the crack. On the other hand, the rough surface problem is analyzed based on an electromagnetic scattering theory which is valid for scattering from large surfaces only. By comparing the backscattered amplitude from a rough crack to the backscattered amplitude from a crack with the same area but with smooth surface it is assumed that the diffraction effect (from the edge crack) is separated from the surface roughness effect.
Using ultrasonic scattering measurements based on ultrasonic spectroscopy technique and narrow band technique, the following parameters of the rough crack were determined: size, shape, orientation, rms roughness of the surface, autocorrelation length of the roughness, and the probability density function of the surface roughness. There is good agreement between the experimentally determined parameters of the crack and their actual values. It is hoped that theoretical analysis to treat scattering from rough surface crack using elastodynamics will be developed in the near future to aid real flaw characterization with ultrasonic scattering.
